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3D planning in orthognathic surgery

Abstract

The planning of orthognathic surgery arouses great thoughts for the maxillo-facial surgeon. It is traditionally based on 2D cephalometry, but its achievement is today considered as a laborious and time-consuming process, subject to many imprecisions. In this context, 3D planning appears as a more elaborated, reliable, and precise method. It allows osteotomy planning, and anticipation of potential surgical difficulties. The long face syndrome is a frequent facial dysmorphosis. One of the aspects of the recommended treatment is to move the maxilla upward i.e., to do a dental impaction. To achieve this goal, a resection of some maxilla bone during the Le Fort I osteotomy is required. Whereas the degree of dental impaction is quite easily to determine, the amount of bone resection remains unclear. The first objective of this work was to measure in 3D the ratio between the maxillary bone resection and the dental impaction. The point was to demonstrate that for a given maxillary dental impaction, the bone resection was significantly different. A Ridge regression model allowed to predict around 90% of the total variation of bone resection in the 81 patients included in this study. The second objective was to identify the parameters that could modify this ratio and how so. A maxillary advancement according to the Le Fort I osteotomy plane leads to a teeth impaction, which must be taken into account in the surgical planning. If a maxillary impaction was considered, in addition to maxillary advancement, the surgeons must provide an under-correction of maxillary bone resection. The assessment of upper incisor position, depending on an increasing maxillary advancement, calculated for 41 patients in this study, allowed to predict a mean impaction of 0.3 mm, 0.7 mm and 1.0 mm for a maxillary advancement of 2 mm, 4 mm and 6 mm respectively.

A maxillary counterclockwise rotation leads to a dental impaction, requiring a differential maxillary bone resection, which the thickness is larger on upper incisor location than upper first molar location. The mean dental impaction, as well as the thickness of the bone resection, increases with increasing counterclockwise rotation. The assessment of the maxillary teeth position, depending on an increasing maxillary counterclockwise rotation, calculated for 40 patients in this study, allowed to predict a mean upper incisor impaction of 3.0 mm to 9.1 mm and a mean upper first molar impaction of 1.9 mm to 6.0 mm for a maxillary rotation of 2° to 6°.

For a given magnitude of rotation, the thickness of maxillary bone resection is slightly inferior to the value of dental impaction. This work showed the interest of 3D planning in the determination of the bone resection in case of maxillary impaction. It confirmed that the planning of an orthognathic surgery is a crucial time of patient's management. It invites the surgeons to make themselves the planning and not to delegate it. The future could be a tool taken from augmented reality which would integrate all data from 3D cephalometry and would offer the surgeon an analysis of the bone displacements, live in the operating room, to reproduce perfectly what was planned.

Résumé

La planification en chirurgie orthognatique suscite une grande réflexion pour le chirurgien maxillo-facial. Elle est traditionnellement basée sur la céphalométrie 2D, mais sa réalisation est aujourd'hui considérée comme un travail laborieux et chronophage, sujet à de nombreuses imprécisions. Dans ce contexte, la planification 3D est apparue comme un outil plus élaboré, fiable et précis. Elle permet de simuler les ostéotomies et d'anticiper de potentielles difficultés chirurgicales. L'excès vertical antérieur est une dysmorphie fréquente. Un des aspects de son traitement est de mobiliser le maxillaire vers le haut, c'est à dire de faire une impaction dentaire.

Pour atteindre cet objectif, la résection d'une certaine quantité d'os maxillaire est nécessaire au moment de l'ostéotomie de Le Fort I. Mais, alors que le degré d'impaction dentaire souhaité est relativement simple à déterminer, la quantité d'os à réséquer mérite d'être clarifiée. Le premier objectif de ce travail était de mesurer en 3 dimensions le ratio entre résection osseuse et impaction dentaire maxillaire. Nous avons démontré que pour une impaction dentaire donnée, la résection osseuse était significativement différente. Un modèle de régression linaire a permis de prédire environ 90 % de la variation totale de la résection osseuse chez les 81 patients inclus dans notre étude. Le second objectif était de déterminer quels paramètres influençaient ce ratio et de quelle manière. Une avancée maxillaire suivant le plan de Le Fort I conduit à une impaction dentaire, qui doit être prise en compte lors de la planification chirurgicale. Si une impaction maxillaire est envisagée en plus de l'avancée, les chirurgiens doivent prévoir une sous-correction de la résection osseuse maxillaire. L'évaluation de la position de l'incisive supérieure droite, en fonction d'une avancée maxillaire croissante, calculée pour 41 patients de cette étude, a permis de prédire une impaction moyenne variant de 0.3 mm à 1 mm pour une avancée maxillaire allant de 2 mm à 6 mm. Une rotation maxillaire anti-horaire conduit à une impaction dentaire, requérant une résection osseuse différentielle, dont l'épaisseur est plus importante au niveau incisif qu'au niveau molaire. L'impaction dentaire moyenne, de même que l'épaisseur de la résection osseuse, augmentent avec l'augmentation de l'amplitude de rotation. L'évaluation de la position des dents maxillaires, en fonction d'une amplitude de rotation croissante, calculée pour 40 patients de cette étude, a permis de prédire une impaction moyenne de l'incisive supérieure de 3,0 mm à 9,1 mm et une impaction moyenne de la première molaire supérieure de 1,9 mm à 6,0 mm pour une rotation maxillaire allant de 2° à 6°. Pour une amplitude donnée de rotation, l'épaisseur de la résection osseuse est légèrement inférieure à la valeur de l'impaction dentaire maxillaire.

Ce travail a montré l'intérêt de la planification 3D dans la détermination de la résection osseuse maxillaire en cas d'impaction. Il confirme que la planification d'une chirurgie orthognatique est un temps crucial de la prise en charge du patient. Cela invite les chirurgiens à faire eux même la planification plutôt que de la déléguer. Une évolution serait l'utilisation de la réalité augmentée, qui intégrerait les données de la planification 3D et offrirait au chirurgien une analyse des déplacements osseux en direct au bloc opératoire, afin de reproduire chirurgicalement l'exacte planification des mouvements.

Introduction

Orthognathic surgery, or the repositioning of the jaws, is an essential part of the maxillo-facial surgeon's activity.

The first osteotomy of the maxilla according to Le Fort I down fracture was published in the 1930s [START_REF] Sébastien | Le Fort I Osteotomy for Maxillary Repositioning and Distraction Techniques[END_REF] . Later, Schuchardt mobilized the maxilla, by separating it from pterygoids processes; and after him, Obwegeser showed the possibility to move the maxilla in multiple directions [START_REF]The Behaviour of the Maxilla in Vertical Movements after Le Fort I Osteotomy 245[END_REF] .

These evolutions enlarged the surgical possibilities and standardized the technics.

The planning of such a surgery is a critical point. It makes the link between diagnosis and treatment.

This planning is traditionally based on 2D cephalometry. It is a tracing of specific lines joining multiple landmarks on standardized cranium X-Rays on a lateral view. It established abnormal or shifted bone and teeth positions regarding the standard references [START_REF] Delaire | An Architectural and Structural Craniofacial Analysis: A New Lateral Cephalometric Analysis[END_REF] .

Based on cephalometric analysis, the surgeon simulates the bone movements on translucent paper, and measures the gap between the initial and the planned position, in horizontal and vertical axis. These bone movements are reproduced on the dental casts mounted on articulators and are used to fabricate occlusal splints which guide the surgeon in the operating room.

The achievement of this planning method is today considered as a laborious and time-consuming process, subject to many imprecisions [START_REF] Choi | Surgical accuracy of maxillary repositioning according to type of surgical movement in two-jaw surgery[END_REF] . The patient is almost never in the perfect position during the radiography (cervical hyperextension, mandibular propulsion for example). On the cephalometry, the placement of landmarks can be approximate, depending on the quality of the radiography. Taking measurements is freehand with a simple ruler, related to approximate references of horizontality and verticality. On the dental casts, here again the orientation of the patient's occlusal plane is reproduced manually, as well as the dental movements, which is a great source of errors 5,[START_REF] Barbenel | Errors in orthognathic surgery planning: The effect of inaccurate study model orientation[END_REF] .

In this context, new procedures emerged [START_REF] Lartizien | Improvement in accuracy of maxillary repositioning of Le Fort I osteotomy with Orthopilot TM Navigation System: evaluation of 30 patients[END_REF][START_REF] Mollard | Computer Assisted Orthognathic Surgery[END_REF][9][START_REF] Bettega | A Simulator for Maxillofacial Surgery Integrating 3D Cephalometry and Orthodontia[END_REF][START_REF] Hernández-Alfaro | New protocol for three-dimensional surgical planning and CAD/CAM splint generation in orthognathic surgery: An in vitro and in vivo study[END_REF] . One of the most current and innovative is computer aided planning based on 3D cephalometry, elaborated and perfected since the 1990s.

3D planning used a computer program integrating the patient's dental casts in its CT-scan, generating a virtual skull model, computable in 3 dimensions. It gave a precise representation of the jaw anatomy, allowing 3D cephalometry and osteotomy planning, simulation of jaw movements, and anticipation of the post-operative results and the potential surgical difficulties.

Many authors have proven the reliability of planning programs, and many programs have emerged, such as Simplant (Materialise), or Dolphin 3D (Dolphin imaging and Management Solution) for the most frequent use in maxillo-facial surgery [START_REF] Stokbro | Virtual planning in orthognathic surgery[END_REF] .

Tucker and al. quantified the differences between simulated and actual surgery 3D models, with a 3D model simulated from the preoperative patient's scan, compared to the 3D model from the post-operative patient's scan. They concluded that for all anatomic regions of interest, there was no statistically significant difference between the simulated and the actual surgical models [START_REF] Tucker | Comparison of actual surgical outcomes and 3dimensional surgical simulations[END_REF] .

3D planning, as it integrated the dental occlusion, allowed to produce digital occlusal splints directly from the virtual plan. The computer-aided design and manufacturing techniques made them to be more accurate and faster to fabricate [START_REF] Shaheen | Three-dimensional printed final occlusal splint for orthognathic surgery: design and validation[END_REF]15 .

The planned position of the maxilla could thus be closer to the ideal position responding to the 3D planning helps to better manage cranio-facial dysmorphosis, especially on severe cases. One of them is the long face syndrome, particularly difficult to correct [START_REF] Epker | Superior Surgical Repositioning of the Maxilla: Long Term Results[END_REF][START_REF] Bell | Surgical Correction of the Long Face Syndrome[END_REF] . It represents one fourth of the dysmorphosis requiring orthognathic surgery 18 . It is defined by an excessive height of the face, often associated with a narrow nose, a mouth breaking, anterior open bite, a gummy smile and sometimes sleep apnea [START_REF] Vigneron | Maxillomandibular advancement for obstructive sleep apnea syndrome treatment: Long-term results[END_REF] .

The main complaint of patients affected by this syndrome is the excessive display of superior teeth and the gummy smile 18 .

One of the aspects of the treatment for the long face syndrome is to move the maxilla upward i.e., to do a dental impaction.

To do so, a resection of some maxilla bone during the Le Fort I osteotomy is required.

Whereas the degree of dental impaction is quite easily to determine (depending on clinical criteria cited above), the bone resection remains unclear.

Very few papers explain precisely how to determine the amount of bone to remove depending on the desired dental impaction. Most of these papers relate to a very small number of patients.

In their article covering in detail the modalities of the correction of the anterior vertical excess, Falconer and al described the course of a maxillary Le Fort I osteotomy [START_REF] Falconer | Surgical management of skeletal vertical facial problems[END_REF] . They highlighted the technical difficulty they encountered to reposition the superior maxilla. They could resort, in the operating room, to external pin on nasion point and used a gauge to verify the correct maxillary vertical position. They even talked about removing a fixed amount of bone of 5-6 mm for any impaction. Eventually, seeming to have been set arbitrarily, this fixed amount of bone appeared totally unsuitable, given the innumerable inter-individual variabilities.

Fish and al based their measures solely on the planned movements on articulator mounted casts [START_REF] Fish | Surgical-Orthodontic Correction of Vertical Maxillary Excess[END_REF] , but Berbenel and al showed that the orientation of mounted casts did not replicate the real position of teeth and bones and so introduced a systematic error [START_REF] Barbenel | Errors in orthognathic surgery planning: The effect of inaccurate study model orientation[END_REF] .

Tomaz and al made a review of literature regarding the impact of orthognathic surgery on gummy smile correction for excessive vertical growth [START_REF] Tomaz | Impact of orthognathic surgery on the treatment of gummy smile: an integrative review[END_REF] . They found out that a very few authors presented their data about gingival exposure and maxillary impaction, and none of these authors specified how they measure the amount of bone resection to achieve the right maxillary impaction during surgical procedure. Moreover, all the reviewed studies reported a satisfactory improvement in the gummy smile after surgical treatment, without describing the method to measure it.

These elements give the impression that the way to execute the wanted maxillary impaction was never the same from one surgeon to another. That could give an impression of unpredictability of the results.

The first objective of this study was to measure in 3D the ratio between maxillary bone resection and maxillary dental impaction.

The second objective was to identify the parameters that could modify this ratio and how so.

Material and method

Material

This retro-prospective study included 81 patients who were planned for an orthognathic surgery with maxillary impaction between September 2020 and April 2022.

Inclusion criteria were patients who had a 3D CT-scan planning with ProPlan software for an isolated maxillary surgery or a bimaxillary surgery.

Exclusion criteria were patients with a facial asymmetry and patients with facial malformations.

Maxillary disjunctions and distractions were also excluded.

3D planning was made either by a maxillo-facial surgeon, or a maxillo-facial surgical resident, both being part of the same surgical team.

Method

The clinical examination was completed by dental impressions.

Dental casts were digitized separately and in the final occlusion (3D Shape E1 Dental System).

The CT-scan was realized with submillimeter overlapped cuts, from chin to vertex, in dental occlusion, and lips at rest.

The CT-scan was first analyzed with the software MIMICS in PRINT (MATERIALISE) to select only the bone structure by the thresholding method. Specific tolls allowed to segment the mandible from the rest of the face (cranium and maxilla). A digital model of them both is produced in STL format. Dental and orthodontic artefacts were removed from these models.

(Figure 1). Next, these digital models were treated with ProPlan software (MATERIALISE).

The first step was to remove the dental artefact to obtain a composite model of the maxilla and the mandible integrating the digitized dental casts. For this step, three different landmarks were identified in the CT model and the same landmarks were pointed out on the digitized dental cast. Matching this point, and if necessary, with some adjustments, the dental casts were integrated in the CT-scan bone model allowing dental occlusion management. The surgeon got then a composite model of the mandible and of the maxilla and cranium (Figure 2 and3). The second step was the construction of a 3D cephalometry. It was inspired by the historic Delaire 2D analysis, composed with 30 cranio-facial landmarks, 9 plans and 3 lines 3 (Figure 4). For the purpose of the study, landmarks were added to represent left and right Le Fort I osteotomy planes. The next step was the creation of the osteotomy planes Le Fort I only or with a mandibular sagittal split in case of a bimaxillary surgery. Specific landmarks were identified on the concerned composite model and the software designed the cutting planes. These planes could be adapted manually if necessary (orientation, thickness…) (Figure 5). Applying these cutting planes, the software produced the following models (Figure 6):

-The cranium -The composite maxilla, integrating its dental cast, which was then called Le Fort I model.

-In case of bimaxillary osteotomy, the left and right condyles, and the dental part of the mandible (integrating its dental cast). The next step was to place the composite model of the maxilla and the composite model of the mandible in occlusion (Figure 7). It was done by matching the digitized dental casts in occlusion with each CT-scan model using the same method as in the first step (using three different landmarks on each model). To achieve this final occlusion, the dentate mandible was automatically aligned with the maxilla in case of bimaxillary osteotomy; or the mobile Le Fort I model aligned with the native mandible in case of isolated Le Fort I osteotomy.

Finally, this new maxillo-mandibular complex could be repositioned in all directions, according to the clinical exam and 3D cephalometry objective.

The maxillo-mandibular complex was selected, and two ways of mobilization were possible:

-the user moved the bone in only one direction at a time, according to a step that had been predefined (for example a step of 1 mm and 1° could be chosen).

-the user took the bone and placed it freehand in the desired position.

In both cases, the computer recorded the displacements.

To move the Le Fort I model forward, the direction was determined according to a plane, chosen among the planes of the 3D cephalometry. It could be the Frankfort plane, the occlusal plane for example or, if the user didn't give any order, the program automatically referred to the Le Fort I cut plane and made the mobile Le Fort I model slide along this plane. In this study, as the plane of the maxillary advancement was not specified by the surgeons who made the planning, it is implied that the Le Fort I model advancement was done according to the Le Fort I cut plane, for all simulated patients.

To modify the orientation of the occlusal plane, if necessary, some rotations of the maxillomandibular complex could be realized. The user determined a center of rotation and made the rotation, either freehand or step by step with the tool. The software recorded the displacement of the teeth, with a negative value for a counterclockwise rotation. In case of clockwise rotation, the software recorded positive values.

The software made possible to compare the new position of maxillo-mandibular complex with its previous position by analyzing variations of distance and angle, for each tooth, line and plan entered in the 3D cephalometry. These different measures were imputed into an excel table which gathered all delta between the last and the new position, with a precision of a hundredth of a millimeter.

After the reposition step, the software can detect collision between two bone pieces which overlapped to each other. These overlapped bone segments could be highlighted. So, in case of maxillary teeth impaction, the software can clearly show the bone superposition between the mobile Le Fort I model below the osteotomy and the fixed maxilla and skull above (Figure 8). And as the height of the bone superposition appeared, it was measured manually with a 3D ruler available in the software. The skull was positioned in a frontal and slight inferior view, so that the bone overlap was visualized as a band, circumscribing the anatomy of the maxilla without overlay effects. Thus, it was possible to measure the thickness of this bone overlap, vertically with the ruler. The measures were taken above the upper canine root and the distal upper first molar root, on each side. They were given with a precision of a tenth of a millimeter (Figure 9). Finally, for each patient, two elements were comparable (Figure 10):

-the degree of dental impaction described by the excel table which indicated a shift related to the initial position.

-the maxillary bone resection, if existed, represented by the bone overlap manually measured. 

Second objective

The second objective was to identify the specific parameters that could modify the ratio between maxillary bone resection and maxillary dental impaction, and how so.

Two types of maxillary movements were considered in particular:

-Advancement -Counterclockwise rotation.

Maxillary advancement:

As mentioned previously, the maxillary advancement was done along the Le Fort I osteotomy plane.

It was noticed from all the realized 3D planning that this advancement was correlated with an upward movement of the teeth, visible on the simulation screen, and on the excel table gathering the displacements.

To confirm this observation, 41 patients of the initial sample were taken.

For each patient, the skull was placed in a right sagittal view. All bone segments were placed in their initial position, identical to the initial patient's scanner.

The Le Fort I model was then moved according to an only one direction by sliding along the Le Fort I cut plane, forward. Three increasing successive steps of maxillary advancement were simulated: 2 mm, 4 mm, and 6 mm.

After the displacements were recorded, the Frankfort plane was chosen as the horizontal reference among the plann available in the 3D cephalometry.

By this way, the tooth position after maxillary advancement along the Le Fort I cut plan was analyzed relative to the Frankfort plan.

The values of the right upper incisor impaction, which appeared on the excel table, were recorded and listed for each patient.

The set of values of the right upper incisor impaction in the 41 patients, for each degree of maxillary advancement, was put in the form of boxplots, which are presented in Figure 15.

Maxillary counterclockwise rotation:

Counterclockwise rotation was realized in order to change the inclination of the occlusal plan. This movement, applied on the virtual patient's skull, caused a differential maxillary tooth impaction, superior on the upper incisors than the upper first molars.

To confirm this observation, 40 patients of the initial sample were taken.

To execute a counterclockwise rotation of the Le Fort I model, the method described by Abramson and al [START_REF] Abramson | Geometry of anterior open bite correction[END_REF] was used.

For each patient, the skull was placed in a right sagittal view. All bone segments were placed in their initial position, identical to the initial patient's scanner.

The Frankfort plane was again defined as the reference plan for the analysis of the maxillary teeth position.

After choosing the middle of the right mandibular condyle as the center of rotation, a counterclockwise rotation of the Le Fort I model was applied, according to three increasing successive steps: 2°, 4°, and 6° rotation.

The value of the right upper incisor impaction, and the value of the right upper first molar impaction, which appeared on the excel table were recorded and listed. This maxillary counterclockwise rotation movement led to a bone resection, detected by the software as a bone overlap between the Le Fort I model and the fixe maxilla. The thickness of this bone overlap was measured on the right upper incisor location, and on the right first molar location, after each magnitude of rotation, and for each patient.

The set of values of the right upper incisor impaction, in the 40 patients, for each magnitude of maxillary rotation, as well as the measures of the corresponding bone overlap, was put in the form of boxplots, which are presented in Figure 16.

The set of values of the right upper first molar impaction, in the 40 patients, for each magnitude of maxillary rotation, as well as the measures of the corresponding bone overlap, was put in the form of boxplots, which are presented in Figure 17.

Results

81 patients were included in the study, with 61.7% of male patients. Dental class was distributed as 28.4% of class I, 59.3% of class II, 12.3% of class III.

Five patients were simulated for an isolated maxillary osteotomy, and 76 for a bimaxillary osteotomy.

The mean for maxillary advancement was 3.5 mm at upper canine location, and 3.0 mm at upper first molar location.

The mean for maxillary impaction was 2.4 mm and 2.0 mm respectively at the upper canine and upper first molar location.

The mean for bone resection, with thickness measured with the software, was 1.4 mm at upper canine location and 1.1 at upper first molar location.

The mean for variation of the occlusal plan was -1,4°. The Root Mean Squared Error was the average error of predictions by the models. It was at 0.36 mm (right canine) and 0.33mm (left canine) in the upper canine location and at 0.37mm (right molar) and 0.32mm (left molar) in the upper first molar location. It indicated a very weak difference between data predicted by the model and data observed. It could be assimilated with the marge of error when taking manually the measurement of the thickness of bone overlap.

The Rsquare was at 0.92 (right canine) and 0.93 (left canine) for the upper canine location and 0.87 (right molar) and 0.89 (left molar) for the upper first molar location, indicating that the regression model could predict around 90 % of the total variation of bone resection.

Effect of maxillary advancement

Among the 81 patients included, 41 were simulated for an isolated maxillary advancement according to three increasing steps: 2 mm, 4 mm and 6 mm. The mean right upper incisor impaction observed was 0.3 mm, 0.7 mm, and 1.0 mm for 2 mm, 4 mm, and 6 mm of maxillary advancement respectively. This means that the simple fact of advancing the maxilla was correlated with maxillary tooth impaction, relative to the Frankfort plane. The importance of this impaction increased with increasing maxillary advancement.

Figure 17 shows an increased right upper first molar impaction, associated with an increased bone resection on the same location, in case of increasing maxillary counterclockwise rotation.

The mean right upper first molar impaction observed was 1.9 mm, 4.0 mm, and 6.0 mm for 2°, 4°, and 6° of maxillary counterclockwise rotation respectively.

The mean corresponding thickness of bone resection was 0.6 mm, 2.2 mm, and 4.1 mm for 2°, 4°, and 6° of maxillary counterclockwise rotation respectively. 

Discussion

This study assessed the ratio between dental impaction and bone resection on the 3D planning of 81 patients requiring orthognathic surgery with Le Fort I osteotomy.

Each 3D planning was the result of one or more bone movements which could lead to a maxillary dental impaction. To this impaction corresponded a maxillary bone resection which the thickness appeared to differ from the value of the corresponding dental impaction.

This study tented to affirm this difference and measure it. Our analysis brought out that the way to advance the Le Fort I model can influence the maxillary dental impaction, before any bone resection.

Maxillary counterclockwise rotation, which is frequently carried out in case of long face syndrome, lead to a differential maxillary dental impaction, superior on the upper incisor location than on the upper molar location.

Ratio between maxillary impaction and bone resection

The first objective of this study was to measure in 3D the ratio between maxillary bone resection and maxillary dental impaction, on the 81 patients included in the study.

It was demonstrated that for a given maxillary dental impaction, the bone resection was significantly different.

A Ridge regression model allowed to predict around 90% of the total variation of bone resection.

The literature is poor concerning the subject of maxillary bone resection in case of maxillary dental impaction. However, beyond the functional objective of orthognathic surgery to reestablish a dentoskeletal Class I, reposition of the jaws has an aesthetic impact. It modifies the patient's dental exposure at rest and on smile. A default of exposure leads to an aging appearance whereas an excess lead to a gummy smile. Axis of the teeth, height of maxilla and mandible are also to be taken into account as they influence the harmony of the face and aesthetic profile.

Padwa and al. noted a deviation of 2 mm and a rotation of 4° to be clinically significant [START_REF] Padwa | Occlusal Cant in the Frontal Plane as a Reflection of Facial Asymmetry[END_REF] .

Epker emphasized the magnitude of the superior repositioning within the maxilla, but he did not specify the amount of bone to remove [START_REF] Epker | Superior Surgical Repositioning of the Maxilla: Long Term Results[END_REF] .

Bell calculated the amount of superior repositioning of the maxilla as follows: if 10 mm must be repositioned superiorly to the maxilla, and an upper incisor exposure at rest of 2 mm was required, then a maxillary impaction of 8 mm is necessary. Though, he suggested an over correction by removing 10 mm of bone because of a twenty per cent shortening of the upper lip with superior repositioning of maxilla. But with his theory, he didn't seem to consider the maxillary advancement as an influencing parameter [START_REF] Bell | Surgical Correction of the Long Face Syndrome[END_REF] .

Sharifi compared the cephalometry of 46 patients before and after orthognathic surgery. He reported a tendency for the maxilla to be not enough advanced and too impacted [START_REF] Sharifi | How accurate is model planning for orthognathic surgery?[END_REF] .

It suggests that the dogma which assimilates maxillary impaction and bone resection, without considering the degree of advancement, might be inadequate.

The traditional surgical planning is based on 2D cephalometric analysis, face-bow registration and simulating surgery by using a semi adjustable articulator. On the articulator, movements to apply are theoretically related to the Frankfort Plan. According to the definition of the National Academy of Medicine, The Frankfort plane is the horizontal reference plane in anthropology, and cranial and maxillomandibular radiology. It is so naturally taken as the horizontal axis in orthognathic surgery planification. But in practice, surgical planning is a laborious procedure, not devoid of errors and inaccuracies, and the first of them concerns the horizontal reference plane.

Berbenel and al explained that during the assembly, the upper cross member of the articulator differs significantly from the real horizontal axis [START_REF] Barbenel | Errors in orthognathic surgery planning: The effect of inaccurate study model orientation[END_REF] . Ellis and al found that inclination of dental models mounted on the semi adjustable articulator are on an average of 8° steeper than Frankfort plane [START_REF] Iii | Accuracy Effect on Surgical of Face-Bow Transfer: Prediction and Postsurgical Result[END_REF] . As a matter of fact, this inclination is closer to the occlusal plane than the Frankfort plane. Consequently, if the maxilla is advanced according to its false fabricated horizontal plane, it is not only less advanced but also lowered compared to the same movement according to the Frankfort plane.

In this study, 81 patients were simulated with 3D planning. The precision of this new mode of planning was studied by many authors [START_REF] Hsu | Accuracy of a computer-aided surgical simulation protocol for orthognathic surgery: A prospective multicenter study[END_REF] .

Greenberg and al assessed the precision of patient's specific guides and plates fabricated thanks to Proplan software by comparing the position of the maxilla on 3D planning with its position after surgery. He found out a high level of accuracy in all three dimensions with a median absolute discrepancy between the postoperative position and planned position of 0.638 mm, 0.798 mm, and 0.481 mm on the right-left axis, the antero-posterior axis, and supero-inferior axis respectively [START_REF] Greenberg | Three-Dimensional Repositioning of the Maxilla in Orthognathic Surgery Using Patient-Specific Titanium Plates: A Case Series[END_REF] .

Sun and al obtained the same results by showing a difference between planned and postoperative maxillary movement at the edge of the upper central incisor of 0.50 mm in sagittal, 0.57 mm in vertical, and 0.38 mm in horizontal direction 15 .

In a patient standing, facing forward, gazing at the horizon, a maxillary advancement according to the Le Fort I plane results in a dental impaction. The magnitude of this advancement thus becomes a factor influencing the thickness of bone resection: if a maxillary dental impaction is required in addition to maxillary advancement, the surgeons must take into account the dental impaction due to the advancement. They must under correct as much the bone resection in the way to obtain the right final dental impaction.

This study demonstrated coefficients approaching zero or negative coefficients associated with antero-posterior movement on upper canine and upper first molar locations, suggesting a tendency of reducing bone resection when advancing the maxilla (Table 1).

The calculation of the mean right upper incisor impaction due to an isolated maxillary advancement according to the Le Fort I cut plane showed a dental impaction from 0.3 mm to 1.0 mm depending on the degree of maxillary advancement.

It can serve the surgeons even if they don't dispose of 3D planning software. Having in mind the tooth impaction desired, and the value of maxillary advancement, it gives a quite precise idea of how much they must adapt the bone resection.

Consequently, as the value of the dental impaction can be known before the surgery, the thickness of the bone resection to perform in addition of Le Fort I osteotomy is known too. The surgeons can thus realize them both at the same moment. It confers a gain of precision in the surgical gesture. It avoids a loss of time during which they achieve step by step a bone resection with a milling bur, until they obtain a satisfying face profile [START_REF] Béziat | Chirurgie pluri-dimensionnelle[END_REF] .

Beyond the reduction in operating time, this makes it possible to avoid the surgical moment when one judge the aesthetic aspect of the dental impaction carried out, even when the patient is bone resection varied from 0.6 mm to 4.1 mm, increasing with the magnitude of counterclockwise rotation (Figure 17).

By defining a circle which the radius was the distance between the considered tooth and the mandibular condyle, we affirm that for a given magnitude of counterclockwise rotation, the larger the radius was, the higher the dental impaction, in agreement to the findings of Abramson and al [START_REF] Abramson | Geometry of anterior open bite correction[END_REF] , (Figure 18). This study compared the mean dental impaction between right upper incisor and right upper first molar, as well as the corresponding bone resection.

As the distance from the mandibular condyle was superior for the right upper incisor than for the right upper first molar, the impaction movement for the same magnitude of rotation was also superior. The thickness of the corresponding bone resection followed the same pattern, but with slightly inferior values. This observation allows the surgeons to remove the right amount of bone, at the moment of the osteotomy, by performing a triangular-shaped ostectomy, thicker on the upper incisor location, and slender on the upper molar location. Attention must be paid to the fact that the thickness of bone resection was inferior to the value of dental impaction, for the two maxillary teeth locations. If a maxillary dental impaction is required in addition to counterclockwise rotation, the surgeons must take into account the dental impaction due to the rotation. They must under correct as much the bone resection in the way to obtain the right final dental impaction. 

Transposition to 2D cephalometry

On the classic cephalometry, the surgeons currently place the maxilla in the desired position and measure the distance between the planned and the initial position of the first upper molar and the upper incisor (Figure 19).

According to the results of our study, an adaptation of the way to take the measurement could be the next one: the surgeons measure the thickness of bone resection by measuring the vertical gap between the initial palatal plane and the planned palatal plane, on each tooth location. This method obviously remains confronted to the lack of precision which justify the use of 3D planning, but it seems to be more appropriate.

A prospective study, which compare the bone resection measure on the 2D cephalometry, and the bone resection calculated by the software could be interesting to do. The planned position of the maxilla (after advancement and impaction) is marked in a red color.

Study limitations

The major inconvenient of 3D planning was that it required a learning curve as it seemed to take a lot of time for only one planning at the beginning. But the repetition of the handling software led to reduce this time until approximately 30 to 40 min to one patient's bimaxillary 3D planning.

Conclusion

This study exposed a 3D planning method allowing to compare the maxillary dental impaction with the thickness of maxillary bone resection. It highlighted that bone resection must be slightly inferior to the planned impaction.

A maxillary advancement according to the Le Fort I osteotomy plane leads to a dental impaction, which must be taken into account in the planning. If a maxillary impaction was considered, in addition to maxillary advancement, the surgeons must provide an under-correction of maxillary bone resection at the surgical time. The assessment of upper incisor position, depending on an increasing maxillary advancement, calculated for 41 patients in this study, allowed to predict a mean upper incisor impaction, varying from 0.3 to 1.0 mm for an increasing maxillary advancement from 2 mm to 6 mm.

A maxillary counterclockwise rotation led to a differential dental impaction, requiring a differential maxillary bone resection, thicker on upper incisor location than upper first molar location. The mean dental impaction, as well as the thickness of bone resection, increased with increasing counterclockwise rotation. For a given rotation, the thickness of maxillary bone resection was slightly inferior to the value of dental impaction.

The results of this study confirmed that the planning of orthognathic surgery is a crucial time of patient's management. It invites the surgeons to make themselves the planning and not to delegate it. With this approach, they have a better apprehension of patient anatomy, and osteotomy routes. They are the most competent to anticipate bone conflicts that are surgically not manageable, and they could test several osteotomy configurations.
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  next clinical criteria: -Incisor exposure at rest of 2 to 3 mm -The entire crown of the central upper incisors and possibly 1 or 2 mm of gingiva exposed on smiling -Occlusion in dental class I -The maxillary arch recovers the mandibular arch without anterior open bite, and no transversal deficit -The occlusion plane parallel to the bipupillary line -The labio-columellar angle of 90° in man and 110° in women -Chin well projected. The mento-labial angle of approximately 130°. The submental cervical angle of approximately 110°
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 1 Figure 1: Integration of the patient's scan in the software. Manipulation of the scan to select and
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 2 Figure 2: Integration of the superior dental cast to the scanned maxilla.
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 3 Figure 3: Creation of a maxillary composite model to obtain the real patient's dental occlusion.
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 4 Figure 4: 3D cephalometry tracing according to Delaire analysis. It is composed with 30 landmarks
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 5 Figure 5: Creation of Le Fort I osteotomy plane from specific landmarks in the maxillary composite
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 8 Figure 8: Overlapped bony segments (in red) after maxillary impaction.
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 9 Figure 9: Measurement of the height of the overlapped bone representing the thickness of bone resection
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 11 Figure 11: Linear regression model for right upper canine location.
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 13 Figure 13: Linear regression model for right upper first molar location.
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 14 Figure 14: Linear regression model for left upper first molar location.
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 17 Figure 17: Degree of right upper first molar impaction depending on isolated maxillary counterclockwise
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 18 Figure 18: differential dental impaction according to maxillary counterclockwise rotation, depending on
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 11 Figure 11: Example of a 2D planning with a cephalometry on a profile view. The Frankfort plane, and the

  

Statistical analysis

First objective

The first objective of this study was to measure in 3D the ratio between maxillary bone resection and maxillary dental impaction.

Baseline characteristics were reported as number of individuals and percentages for categorical variables and means with SDs (Standard Deviation(s)) for continuous variables.

A Ridge regression model was used to estimate the relationship between the covariate canine impaction (right and left), molar impaction (right and left), canine advancement (right and left), molar advancement (right and left), and the bone resection on canine location (right and left) and molar location (right and left).

The choice of this regression model allowed to consider the strong collinearity between the different variables.

The optimum lambda penalty coefficient was chosen by cross-validation.

Four separate models were estimated to assess the relationship between the covariates previously mentioned and the bone resection corresponding to the four locations: canine right and left, molar right and left (Figure 11 Pearson correlation coefficients were used to estimate the relationships between the variables (Table 1).

Ratio between maxillary impaction and bone resection

The correlation coefficient was 0.95 (right canine) and 0.94 (left canine) at the upper canine location, and 0.92 (right first molar) and 0.92 (left first molar) at the upper first molar location;

showing that maxillary impaction and bone resection were associated to each other, with a strong effect, on each tooth location.

The Student-test showed a P-Value < 0.001, supporting the hypothesis of a statistically significant difference between maxillary impaction and maxillary bone resection on each tooth location.

The results of the linear regression analysis were presented in table 1. It estimated the thickness of bone resection in terms of the following variables: magnitude of maxillary impaction (in vertical axis), and magnitude of maxillary advancement (in sagittal axis), in the four teeth locations: upper canine right and left, upper first molar right and left. It objectified the value of the regression coefficient that generated the slope of the line passing through the maximum points linking the maxillary impaction with the corresponding bone resection.

In other words, for each additional millimeter of maxillary impaction in the right canine location, the bone resection was increased on an average of 0.3 mm (without considering all others random parameters). 

Effect of counterclockwise rotation

Among the 81 patients included, 40 patients were simulated for an isolated maxillary counterclockwise rotation, centered on the middle of the right mandibular condyle, according to three increasing magnitudes of rotation.

Figure 16 showed an increased right upper incisor impaction, associated with an increased bone resection on the same location, in case of increasing the magnitude of maxillary counterclockwise rotation.

The mean right upper incisor impaction observed was 3.0 mm, 6.0 mm, and 9.1 mm for 2°, 4°, and 6° of maxillary counterclockwise rotation respectively.

The mean corresponding thickness of bone resection was 1.4 mm, 4.0 mm, and 6.5 mm for 2°, 4°, and 6° of maxillary counterclockwise rotation respectively. Therefore, even if it is difficult to believe that a 3D planning software gives a truly precision to tenths of a millimeter, and even less to a hundredth, these authors have shown that this tool is reliable, and can be used in the clinic.

Zinser compared the precision of two innovative planning methods (computer-aided design and manufactured surgical splints and a navigation system) with the classic planning method (mounting dental casts on semi adjustable articulator to create splints) [START_REF] Zinser | A paradigm shift in orthognathic surgery? A comparison of navigation, computer-aided designed/computer-aided manufactured splints, and "classic" intermaxillary splints to surgical transfer of virtual orthognathic planning[END_REF] . He found out a highest precision with the computer-aided design and manufacturing splints (with I-plan Software), followed by navigation, and significant inaccuracies with the classic planning method.

The 3D planning programs have therefore shown their superiority compared to classic planning methods in terms of precision of the bone movements to carry out.

This study reported that the thickness of bone resection measured was quasi systematically inferior to the height of maxillary dental impaction planned, which meets our first objective.

The second objective of this study was to identify the parameters modifying the ratio between maxillary bone resection and maxillary dental impaction, and how so.

Effect of maxillary advancement

After noticing that the thickness of bone resection significantly differed from the height of maxillary dental impaction, it was observed that for patients who benefited from a large advancement, this difference was all the more important.

Theoretically, in 2D planification, when the maxilla was advanced, it was according to the Frankfort plane. In practice, the surgeon placed the maxilla in the desired position and measured the advancement related to an approximate horizontal and vertical plan.

When a maxillary advancement was simulated with ProPlan, the program automatically moved the bone following the Le Fort I cut plane, rather than the Frankfort plane.

Indeed, 3D planning offered the possibility to move the maxilla following any plane constructed in the 3D cephalometry. After the Le Fort I osteotomy, the software adapted the new anatomical configuration and mobilized the bone by sliding along the osteotomy plan.

Because of the upward orientation of the Le Fort I plane compared to the Frankfort plane, advancing the Le Fort I model according to the Le Fort I osteotomy plane led to ascend it, without any bone resection. The values of the right upper incisor position depending on an isolated maxillary advancement along the Le Fort I cut plane, showed an increased right upper incisor impaction with increasing maxillary advancement.

We chose to keep the Le Fort I cut plane as the plan to mobilize the Le Fort I model, because it turns out that it is the plane according to which we slide the bone pieces after the maxillary osteotomy in practice.

At the time of mobilizing the Le Fort I model, the only landmarks for the surgeons are the occlusal splint and the contact of the two bone pieces separated by the osteotomy. Indeed, the surgeons place the Le Fort I model into the splint, correct the maxillary height, and does the osteosynthesis at the first osseous contact. The Frankfort plane cannot be visualized in any way at the time of the surgery.

So, in case of maxillary advancement, there is a sliding of the mobile maxilla bone along the osteotomy plane and not the Frankfort plane. It is coherent because increasing the bone contact between the mobile and the fixed bone pieces improves the stability of osteosynthesis and limits bone interferences.

in the spine position, eyes closed, intubated through the nose, which can generate some deformations on the face, and therefore major errors of judgement.

Effect of counterclockwise rotation

Many patients included in this study benefited from counterclockwise rotation of the occlusal plane. It was noticeable that this change in the occlusion plan orientation could also modify the ratio between dental impaction and bone resection.

Counterclockwise rotation of the maxilla was necessary when the angle between palatal plan and mandibular plan was insufficient, or when the vestibulo-version of upper incisors was insufficient.

Abramson and al [START_REF] Abramson | Geometry of anterior open bite correction[END_REF] determined the degree of upper molar impaction necessary to achieve a counterclockwise mandibular rotation in order to close an anterior open bite.

In this study, the same method was used to assess the impaction of upper incisors and upper molars, depending on the counterclockwise maxillary rotation.

The calculation of the mean right upper incisor impaction due to isolated maxillary counterclockwise rotation, centered on the middle of the right mandibular condyle, showed an impaction from 3.0 mm to 9.1 mm, increasing with the magnitude of rotation (Figure 16). This impaction was associated with a bone overlap which the thickness measured correspond to the bone resection to perform. This bone resection varied from 1.4 mm to 6.5 mm, increasing with the magnitude of counterclockwise rotation (Figure 16).

The calculation of the mean right upper first molar impaction due to isolated maxillary counterclockwise rotation, centered on the middle of the right mandibular condyle, showed an impaction from 1.9 mm to 6.0 mm, increasing with the magnitude of rotation. The corresponding An important limitation of this study was that the measures of bone resection were performed manually with a ruler, which can decrease the precision of the measures related to the measure of the teeth displacement which was performed by the computer. Moreover, it could lead to a lack of reproducibility between the different users who take the measurements, depending on how they oriented the skull to have the right view of the overlapped bone segments, and how they guided the ruler.

Another principal limitation was the ability to surgically respect the degree of precision of the data measured in 3D planning. The thickness of the cut line performed surgically was approximately 1 mm (using a piezotome or a reciprocating saw) [START_REF] Gilles | Ultrasonic orthognathic surgery: Enhancements to established osteotomies[END_REF] , and it was considered by the programs. But the bone resection thickness measured on the bone overlap was one tenth of a millimeter, whereas in the operating room, the surgeon was limited to the use of a caliper with a millimeter precision.

It is nonetheless important to keep as objective that the maxillary repositioning must be done to the nearest millimeter, having in mind the aesthetics consequences.

Finally, 3D cephalometry created by the software was a 2D cephalometry transposition in 3 dimensions. A more precise integration of the osteotomies cut plans in the 3D cephalometry as well as the skull exact position in the 3 space incidences would be an improvement.

The future could be a tool taken from augmented reality which would integrate all data from 3D cephalometry and would offer the surgeon a visibility of the bone displacements, live in the operating room, to mimic perfectly what was planned.